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ABSTRACT

The jet pump is a device that compresses low-pressure fluid by

means of a high energy jet. This device is simple, reliable and light

weight, and is attractive for various uses inclitding eventual applica-

tion to boundary laver control for aircraft.

In'this study the theoretical flow of a perfect gas through con-

stant pressure and constant area jet pumps is predicted by analyzing

the equations of continuity, energy and momentum. Of particular in-

terest is the effect of heating the high energy jet. The parameters

describing optimum heated jet pumps are determined. The ideal pumps

presented herein represent upper performance limits for actual devices.

Also included is a complete description and design of a facility

for testing heated jet pumps. Specific test configurations are analyzed,

and performance curves are Illustrated. These curves facilitate compari-

son between theory and experimen, .
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TAIA Of SYIMOL

Symbol*

A cross-sectional area

t speed of sound at Mach INuber equal unity

cp specific heat at constant pressure

ev specific heat at constant volume

C" momantin coefficient

C, pover coefficient

CP powerometun coefficient

Ce heat coefficient

Coo heat-oaentum coefficient

D dimeter of duct

acceleration given a unit mass by unit force

A static enthalpy

14 total enthelpy

L length of duct

ý smass flow rate

MV velocity ratio, V/c*

P static pressure

~ total pressure

beat

R gas constant

4 8 entropy

T absolute temperature

V velocity
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1. Introduction

A jet pump is a device designed to draw a given mass flow of fluid

from a low-pressure source and deliver it to a region of higher pressure

by msens of a high euergy Jet of air. Basically, this analysis was under-

taken to Investigate the theoretical operation of jet pumps, and to recom-

mend a test facility design to provide for the comparLson of theoretical

and experimental data. The ultimate objective of this investigation is

the eventual application of Jet pumps to boundary er control om air-

craft.

The jet pump is attractive for an application of thii nature due to

its reliability, simplicity, and light weight. Also, this device can be

readily incorporated into a jet aircraft's pover plant cycle. For car-

tain conditions, such as full-throttle operation, it is conceivable that

the mechanical power available to the jet pump may be limited. Hence,

It is of interest to investigate if the mechanical power required for a

given application can be reduced by heating the primary jet air.

The theoretical analysis of ideal jet pump performance contained

herein considers the effect of this heating. Constant area and constant

pressure mixing processes are investigated. In all cases it is possible

to predict "optlmum conditions" for specified jet pump configurations.

Since all losses except mixing losses are neglected, the results of this

study represent a performance limit that actual jet pumps can approach,

but never exceed. The final results shown in Appendix C were deter-

mined by means of the Control Data Corporation 1604 digital computer.

This theoretical analysis is an extension of the work initiated by

7



lelter in Reference 1.
For any study to be complote It is necessary to substantiate the $

theoretical results by experimental data. In view of tlls facto, adesign for a heated Jet pump test facility Is presented. Several test 1facility configurations along with their material cos& estimates are

Included.

The writers with to express their appreciation for the asistaence
and guidance provided by Professor Theodore j. Gavain, of the U. S. I
Navel Postgraduate School, Monterpy, California.
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2. Theoretical analysis

Definition of performance coefficients

A Jet pump must be able to produce a required discharge moentum.

For this output, a certain amount of mechanical power and heat energy

must be supplied to the jet air. Reference 1 expresses the power and

heat inputs and discharge momentun as dimensionless coefficients. The

arbitrary reference dimensions chosen were fo-. ambient air at sonic

velocity and the hypothetical area, A6 , 6ueessary to pass the dis-

charge from the jet pump at sonic velocity.

a. Momentum coefficient

The momentum coefficient is defined as the dimension-

less discharge momentum.

Cm I e'!A 5 V5
()to* A, a:"(l

b. Powvr coefficient

The power coefficient is defined as the dimensionless

powe supplied to the primary air.

S(2)

where 4. is the temperature change throu;h the

compressor.

C. Rest coefficient

The heat coeffic.ient is defined as the dimensionless

beat supplied to the primary air.

c. A6LLi- A. 3

9

-b 4



ý4

where %To is the temperature change through the burner.

Derived coefficients

It is convenient to compare the mechanical power and heat energy

to some significant parameter of the jet pump in order to determine the

effectiveness of any design. The reference parameter chosen was the

discharge momentum of the jet pump. By dividing the power coefficient

and the heat co~fficient by the momentum coefficient, it is possible to

obtain derived power-momentum and heat-momentum coefficients.

C r P eA3 V3 &T. (4) !
C. PSAsV Vs a.

It is shown in Appendix A that Cw , C•,, , and C. can be re-

duced to the following:

V ~ I t a
C. (6) ,

cow4. Ca (7)

where • is the mass flow ratio, nho/ iv.

Rquation (6) shows that CM depends only an the discharge total

pressure ratio, i1 /P•, . In particular, CH is independent of the 1
mcint if heat supplied. By specifying the desired output pressure

ratio, RS/P , the required C. is determined.

10



Consider the case where R P.0 , Tt fti md R5 /R, are

fixed. Equation (7) shows that under those conditions Cft and C#M

will be a minimum when the mas& flow ratio, z . is a maximum. It is

noted that Equation (7) is invariant for koth the constat pressure and

constant area cases, although the manolm value of x may differ in the

two cases.

In a sense, Cp" is a measure of the compressor power required and

Com is a measure of the heat energy required. Similarly, CM is a

moasure of the demanded discharge momentum. Any improvement in design

end performance should be reflected by a deersase in power and/or fuel

requirements. Therefore, as nay be seen from Iquation (7), a necessary

and sufficient criterion for optimum performance is that the mass flow

ratio, X , be a maximum. Henceforth, an optimm pump is defined as one

that has the maximum possible X for specified values of Rt/Pto .

"Tti /Tte , and Rs /PR. It will be shown later that under these

conditlons an optimum pump corresponds to a specific area ratio, AL/AS.

Any other value of ares ratio will produce less then the maxlmm pos-

sible mass flow ratio.

Ifficiency

Another performance parameter of some interest is the mechanical

efficiency which is, of course, based on energy considerations, namely,

Final available eneray asentropic)
Initial available energy (Isentropic)

As A HC



It is shown in Appendix A that the above definition is reducible to the

result s

I C + (8)

From Nquation (8), 77M , like the other performance parameters,

will be optimum when % is a maximum for specified conditions of pressure

and temperature ratio.

Constant pressure development

This analysis is an optimization of the performance of the constant

pressure heated jet pumps which were described in Reference 1. A typi-

cal constant pressure mixing jet pump is shown in Figure 1 along with

the associated h-s diagram. The basic development of the constant

pressure case is from Reference 2. The many details of the development

are contained In Appendix A.

The usual isentropic relationships were used to solve for condi-

tioss in the primary (jet) system and in the secondary system up to the

mixing tube entrance. It is also assumed that the specific heats remain

constants

The three basic equations that have to be satisfied for constant

pressure mixing C pLm 4 ) are continuity, energy, and momentum.

v9 2 .qps - in4  (9)onatine lt.i

vkHL + A WS Ap4 4  (10)

Momentumt

(rh ) Ad A . r9 1y.) (.ps- )&)A3 (11)
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It to noted that the resultant pressure forces in Equation (11) are set*

when the velocity in the primary nozzle is subsonic.

The equations of continuity, energy, and momentum can be expressed

in non-dimensional terms. This development is shown in Appendix A.

Continuity:

+I

TM, +.( + %)MA(13)

Monentum:

where,

By fixing Pt, /R. Tt /Tt RS /R d MIt Is

possible to obtain an explicit solution fron Equations (12), (13), and

(14) since there remains only three unknowns m , Tt# /rt., and A/AA .

Equations (13) and (14) are solved siuultareously for a and

"Tt4 /Tto . By eliminating "i4 /Tt between the two equations, the

following quadratic equation in % is obtained.

Equation (13) can be solved using the quadratic formula

13
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sure

C -I M:' Mao (;-(
Tto tC "t.4

lines the mass flow ratio, X , must be positive wad real, one

limiting condition is that b -4ac aO. For all cases investigated this

condition is satisfied. Other limiting conditions are M f 1.0 and

M i 0 LO since the primstry and secondary nozsles are only converging,

sot coaversing-diverginl. Both roots of Equation (15) were determined.

One of these was negative and, therefore, vas discarded as meaningless.

From the solution of Equation (15) it vas possible to determine

Tt 4 / 17j from the energy Equation (13) and A. /Aa from the continu-

ity Equation (12). A&/A$ can be solved directly from the mass flow

ratio.

the computer was used to obtain solutions to Equations (12). (13),

a4 (14). The parmeters Pn/P, , ,,' . , P:s/F.. , and M:

sere varied systematically to obtain families of constant pressure pumps.

The optimam pup from each family was determined. Appendix C contains

solutions for each cpt:=i pump for the conditions specified.

Constant Area Development

This analysis is an investigation and optimization of the ideal

flow of a perfect gas through a constant area jet pump. FiSure 2 shows

a sketch and a general b-s diegrm of a constant area punp. This fig-

are indicates the notation to be used to denote station locations through-

S eaout this development.

14



Much as before, this analysis involves the solution of the continu-

ity, energy, and momentum equations. These equatLons may be written in

absolute form a follows:

Continuity:

Y L %+ V " 3  (16) 4
Energy:

A~t H' + rýH3  a- A4 H4  (17)

Momentum:

V~4 r -1 VLI3 V3 2pAt * -fýAs- ? 4 A4 (18)

It is shown in Appendix A that the above equations can be non-dimension-

alized to yield the followving relationships:

Continuity:

S~~~M g* Ne4~' ow() (.). 4 '4(*) (19)

Energy:

end y is the area ratio, 4~A•,!A
The development of Equations (19), (20) and (21) is from Reference

2. A ihilaer developm ent is included in Reference 1. Hovever, an error

15



va found in Squation (37) of Reference I rendering incorrect solutions

for the constant area case presented therein.

It to asstumed that the parasetors ,t/pA 0 Tts/Tte and

Pts/Pto are given. Values of the secondary velocity ratio, MZ*

are systematically chosen. Once MW is fixed the primary velocity

ratio, M* , can be determined as shown in Appendix A. The remainder

of the problem resolves into a solution of Xquations (19), (20) and (21)

for the unknowns M4' y and 'Ti/rto ; and satisfying the boundary

condition that the value of Pt,/F6 so obtained must equal the value

originally specified for R/P6

Since the resulting relationships are transcendental, it is neces-

sary to solve the equations by Iterative procedures. It is thereby

possible to achieve solutOns for numerous families of constant area

heated jet pumps.

The routine employed to solve the equations is to choose increment-

al values for M . Choosing M" fixes all the known par ters not

previously specified. A trial value of the area ratio, y, is aesused.

The sass flow ratio is then solved by the relationship: I

TI

So it is possible to solve for the discharge total temperature ratio,

Mt4 /To by using the ea.-.Lion1

mw- ZE+ M&tl
.'i

this procedure dei'irmines all the parameters ezcept the exit velocity

ratio, M• . Til final equation solved is a quadratic in terns of M4.

16
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4

4

fT 4 9 yO(Mt) 4- (Ri/PuA+I6(4

(24)
The above equatio• gives a supersonic and a subsonic solution for M4,

For this particular analysis (i.e., M* and M*i L and constant area

mixing), the supersonic solution for Mr is meaningless. This means to

say that M: cannot be supersonic for a constant area pump when the 'in-

let velocity ratios, ML and M. , are limited to one or less. However,

the supersonic solution of M4* may be of interest if M* and/or M*

are greater than one.

The preceding procedure gives a solution to the equations; howevere,

it is also necessary to satisfy the boundary conditions. The resulting

exit total pressure ratio, Pt4/P6 , is checked against the desired

discharge total pressure ratio, Pts/Pt. . If these quantities are not

equal, the area ratio is adjusted in order to achieve the necessary

coniations at the and of the nixing section. This process is repeated

to determine families of constant area jet pumps.

Figure 3 shows the performance curves for two families of constant

area pumpe. As defined previously, the optimum pumps are those which

achieve a maximum mass flow ratio for given values of Ri/ to ,

"TLt-to , and Pte / Pto. It is observed that optimum conditions

are reached in two different ways for the constant area case.

Again referring to Figure 3, curve A passes through a true mathe-

matical maximum in the sense that . This curve shows that as

i Increases the mass flow ratio increases up to a maximum and then

decreases. This situation will be referred to as case A .ereafter.

Curve 3 shows the other limiting case of the constant area system.

17



This curve increases up to A point of mf.uu ýxs flow ratio and simply

ceose.. This phenomeou is not clearly understood. Constant area pumps

that reach optimm conditions in this manner will be knomn as case S.

The computer solutions In Appendix C contain a ccaplece set of opti-

mum constant area heated jet pumps for the conditions specified. The

ron-starred apti•mu pumps correspond to case A, and the starred pumps

are limited in a mainer Illustrated by case B. These results will be

discussed in a following section.

Discussion of Theoretical Results

One sitnificant indicatitin of the performance of a jet pump is the

amount of energy that must be supplied to produce the discharge momentum

demanded. The coefficientes Cj* mad Ca are simply numbers indicating

the energy supplied; and the coefficient CM ti a measure of the dis-

charge momentum required. These coefficients show the effect of chang- i
In$ the parameters P6 /Pie , T, I/Tto , and Pu ..

Figures 4 throue 9 are graphs of Cpa compared to C,4 for foal-

lies of optimu constant pressure and constant area jet pumps. These

graphs are basically saps formed by curves of constant supply pressure SI

and temperature ratios. One of the most significant results illustrated

by theoe maps ti the trade-off between the heat energy and compressor

power necessary to produce the desired C.

FOr exampli, consider Figure 4. If the supply pressure ratio is

fixed, Cp" docreases as the supply temperature ratio increases. This

Wiest&# that 1M comressor P requiredto reduced I beatin the

I A



reduced so PtL/Pto is increased. For the highest tecperature ratio

and the lowest pressure ratio, the compressor power is minimal. It

is also observed that the greatest incremental decrease in CM occurs

between taeperature ratios of 1 and 2 along lines of constant pressure.

Now considcr the sequence of Figures 4 through 6. It can be seen

that as the momentum coefficient demanded is increased, the maps tend

to move up and to the right. This, of course, corresponds to higher

supply energy requirements. Also, it is noted that the effect of heating

is greater as the demand on the pump is increased.

Figures 10 through 15 are graphs of maximum mass flow ratio versus

M• These maps illustrate the performance limitations of the pumps.

It must be understood that each point on a map represents a different

pump. Therefore, any one curve provides an array of ideal design pos-

sibilities. This should not be confused with the performance variation

due to changing operating conditions of an individual pump.

lach map shows that as "t/Ttois increased along lines of con-

stant R•i/Pato , the maximum mass flow ratio increases. This increase

is greatest up to a temperature ratio of 2. Beyond this temperature

ratio, the effect of heating is less apparent.

Figures 13 through 15 are performance maps for optimum constant

area pumps. The lines of constant temperature ratio are continuous;

however, there are points of discontinuity in the slope of each line.

The dahed curve connecting these points divides each map into two dis-

tinct regions. The lower left area of the map corresponds to a flow

limitation as shown by curve A of Figure 3. The area to the right of

the dashed curve exhibits a flow cut-off simildr to that illustrated by

case B. These figures also show that the secondary mass flow rate

19



( r•L) decreases as the discharge total pressure ratio increases.

Appendix 6 contains the solutions of the computer programs for the

eonstant area and constant pressure cases. Each line of data repesents

the pararo.trs defining one optimum pump. TLe momentum coefficient is

constant for each page of data. Area, velocity, and temperature ratios

were included in these results to provide additional criteria for Jet

"pump design. The results show that for a given C" end Tit /Tto , the

discharge total tenperature ratio can be decreased by increassin? R/Pe..

This fact could be an important consideration in choosing the material

for the nixing tube section.

The laportant effect of heating the primary air to decrease the

cmpressor poer required has been shown. It must be realized that f

these are Idealized cases that represent the maximum performance attain-
0

able. Actual jet pumps can approach but never exceed these limits.

Fixed Area-Variable Discharge Pressure

The final theoretical anlysis considered is to investigate the t
eperating characteristics of jet pumps with a fixed area ratio ( A&/AS)-

'i

By systematically varying the supply pressure wl temperature ratios, it

is poss.ble to predict the envelope of operation for a given pump config-

uration. These predicted values are again based on ideal conditions;
p 0

therefore, they represent the maximum performance attainable.

The fundamental objectives of this analysis are; first, to marry the 7!

previously discussed theory to an actual hardware design; second, to

determine the desip limiting paraneters such as ls, available con-

pressor power ard material limitations; and finally, to predict the per-

foreance curves of the jet pimps designed.

20



The theory of tLe ideal flow through a fixed area pump is similar

tG the analysis discussed in the constant area section. However, by

fixing the area ratio (A,/A. ) and allowing Pt5/R. to very it is Poe-

sible to obtain explicit solutions for the equations of continuity,

energy and momentum. Appendix C contains an example of the data obtain-

ed from the computer program used to predict each pump's performance.

The constant area system is selected primarily due to its relative-

ly simple mixing section design. The supply temperature ratios are

limited to three or less, and supply pressures are investigated up to

ratios of 2.4. Mixing tube diameters of four, five, and six inches are

chosen. This choice is predicated on the nominal pipe sizes available.

The pricary jet nozzles are designed to give a good spread of area

ratios ( AI/A3 ). The final result is nine different Jet pump con-

figurations. The table below shows the area ratios of the jet pumps

investigated.

NOwLL eXiT DJAMEr-TP,

2.00' 2ZV 2.,60

'" 4/" 3.000 4.160 I1.367

5 ." S•.o 3.938 Z. 98

6" 8.ooo 6.11I 4.325"

Table 1. Area Ratios Selected For Propose4 Design

Figures 16 through 24 show the predicted operating maps for the nine

21
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fixed area pumps considered. These curves are prepared primarily for a

quick comparison of theoretical and experimental results. Consider the

pump with an area ratio of 2.16, shown on Figure 16. Assume that T1L/TeA

FAA /ko - 1.6 and the back pressure ratio ( Fcr/Pto ) is

adjusted to 1.2. Intering the map with these values predicts a mass

flow ratio of 1.07. Now if the primary fluid is heated to Ttl/ * - 3.0,

it can be seen that the mass flow ratio increases to 1.33. This is an-

other example of how heating favorably influences the performance of a

jet pmp.

It mast be clearly understood that thcse mass flow ratios are simply

upper performance lis4ts. Actual jet pumps will not reach these values

due to friction ar'd se.ondary mixing effects.

Theoretical conclusions

for fixed input wad output conditions, all performance parameters

vary favorably with an increasing mass flow ratio.

For fixed supply and demand conditions, there is one and only one

area ratio, A 1 /As , that will produce the maximum possible aess flow

ratio and hence the best all around performance.

Noatiug the primary air decreases the compressor power required,

I.e., there Is a trade-off between heat and power.

The optim•m putmps are Idealised cases that represent the maximum

performance attainable. Actual jet pumps can approach but never ex-

seed these limits.

The ordinary ideas of efficiency are not necessarily decisive in

the applicatiom of this device to boundary layer control.

22
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3. Jet Pump Test Facility Design

The test facility proposed for studying heated jet pump operation

is shown in Figure 25. Basically, it consists of (1) a priLary flow

system for supplying jot air at a desired pressure and tc-perature; (2)

• a secondary air supply system; (3) a set of Int he ha~e•l•. c-•-•e.g

jot nozzles; and (4) the constant area mixing tubes.

The test apparatus was designed to be a fixed installation ex-

hausted to the atmosphere. The prir•a-y puapw. of this facill~y is to

provide fundamental information on jet pump design parceters, and to

establish correlation between experimental and theoretical data.

Primary Air Supply System

The primary flow section includes the compressed air supply and

fuel supply systems and the combustion chamber assembly. The purpose

of the primary system is to provide heated compressed air to the jet

pUMp.

The flow of compressed air to the jet pump is controlled by means

of an electrically actuated butterfly valve. It may assume any p"ition

between fully closed and fully opened. Thus, this valve controls the

pressure of the primary fluid downstream.

After passing through the throttle valve, the compressed air flows

into the primary system plenum chamber. The dimensions of this reservoir

* are arbitrary; however, the chamber must be large enough to serve as a

settling tank.

The compressed air leaves the plenum chamber and passes through a

square-edged orifice installed in the four inch wild steel edit pipe.

23
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This orifice measures the flow rite of the primary air, T.h. me

compressed air Is then directed into the burner aessmbly.

The burner unit is a sa•al canarier ccbustion chamber obtained from

ran auxiliary gas tur-bluo compressor utiv for starting jet aircraft

e..ase. The fuel noasla. ±lter plugs and the flame tube are Integral

parts of the burner unit. The operating range imposed on the jet pump

(i.e., P./R& 9 ?_+ and Ttt/761-•) is well within the capabilities of

the combustion chamber.

Fuel is supplied to the burner from a pressurized fuel tank. The

fuel pressure is maintained constant by means of a pressurized bottle

of inert gas. Fuel flow is manuslly controlled by a needle valve In-

stalled In the fue) supply line. This valve sets the fuel/air ratio and l
is the primary means of controlling the total supply temperature, TA.

The Ignition system conuists simply of two 12 volt storage batteries

connected In series and an Ignition control switch.

After the primary air is heated, it passes through a 17 inch sac-

tion of 5 inch stainless steel pipe. This pipe section is Inserted In-

to the secondary air plenum chamber and provides a male fitting for the

primory Jet nozzle. Total supply temperature and pressure are measureO

by sane of a fixed Kiel-temperature probe. These two values combined

with the flow rate are the parmeters of prime Importance in the pri- ,

Navy supply system.

The primary air then passes through a converging noesle and Is

ejected inte the mixing tube section. The three ir:&;zhaagesble austles

designed are shown on Figures 26 through 28. These stainless steel nos-

slse most be machined with close dimensional control an4 polished to

24



a miror finish. They are tapered to ensure uniform flow of primary and

secondary air at the mixing tube entrance. A lubricant, such as "silver

goop," should be applied to the nozzle threads prior to installation.

Td1 umtarial prevents "weldings at elevated temperatures.

Secondary Air System

The secondary air system simply provides a means to measure the

secondary air flow rate, B1.. lasically, it consists of en airtight

plenum chanber and the associated piping and fittings for a mass flow

determination.

Figure 29 shcms the proposed secondary air plenum chamber. The

reservoir is constructed of 12 gage sheet steel. Standard flanges are

used for all piping connected to the chamber. Care must be exercised

during fabrication to ensure the airtight integrity of the plentu. Any

leaks in the plenum will render the secondary air mass flow measurement

inaccurate.

The alignment of the primary air supply duct and the mixing tube

section is important. In order to achieve the desired results it is

necessary that the jet nozale and nixing tube canterlines coincide.

Mixing tube

The length of the nixing tube must be such that optimum mixing is

accomplished. Three tubes are available with diemeters of four, five,

sad six inches. Each tube consists of four, 24 inch pipe sections which

provide for length to diameter (L/D) ratios of 4.9 to 24. L is the length

of the nixing tube downstream of the nozzle exit.

j .The maximun wall temperature attainable is 1100"7; therefore, a

heat resistant alloy is advisable. Type 304, schedule 40 stainless
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steel which has a melting range of 2550-2650*7 and a scaling tempera-

ture of 1550°? was selected as a suitable material. Vith careful at-

tention to the discharge total pressure for fixed supply pressure and

teperature ratios, it would be possible to hold the temperature in the

mixing tube low enough so that a mild steel or aluminum could be used. I
This is considered to be an additional experimental burden that can be

allev1iated by using stainless steel throughout.

One of the simplifying assumptions was to neglect wall friction;

therefore, the Internal surface of the mixing tube is to be polished

to a smooth surface to minimize frictional losses. Consequently, there

should be closer agreement between theory end experiment.

By taking tompersture asd pressure readings along the nixing tube,

it is possible to determine where optimum nixing is achieved. Any addi-

tiosal length vill only cause a not additional loss in head due to fric-

tic.. Many of the design questions concerning optimum length of the

mizing section can be answered only by experimentation and by investi-

geneou of the kinetics of the mizing wvoe.ss in which all effects are

eonsidred. M.

As shown in Figure 27 an oversised flange connects the mizing tube 4!

to the secondary air plenum chamber. Attached to this flangse is a bell-

mouth annulus macbined from hot rolled steel. The convergin secondary

mossle is formed by this mnnulu, and the exterior of the primary jet

The three mixing tubes can be interchanged and may be used with each I
of the primary measles. This flexibility provides for experimental tests

of aime different jot pump configurations.

In an actual application, a diffuser would, of course. be used at
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the end of the mixing tube to bring the mixed fluids gradually to atmos-

pheric pressure. For the purposes of the present research, separate dif-

fusers were not designed due to the many varying operating conditions and

physical configurations.

The mixing tube is supported by three stanchions similar to the one

illustrated in Figure 30. Each stanchion has two turnbuckles which allow

alipment .a the vertical and horizontal planes.

The handling cart shown in Figure 31 will be used whenever it is

necessary to change the mixing tubes. Two carts of this design would

be desirable to provide the versatility prescribed for the test facility.

The carts are made almost exclusively of aluminum channel and angle stock.

The maximum design load is 1000 lbs.

InstrumentatioA

A typical 24 inch mixing section with the associated Instrumenta-

tion is shown in Figure 32. Each section contains six static pressure

taps. These taps are located at four inch intervals alona the enttre

nixing tube. Since the assumption is made that a constant static pres-

sure exists across each cross section, the static pressure is measured

only at the mixing tube walls.

Total pressure and total temperature reading# are to be taken with

a Kiel-temperature probe. These readings can be taken at any of eight

different stations along the mixing tube. At each station there are two

probe fittings which permit transverse surveys of temperature and pres-

sure along either of tvo diameters.

The mounting plates shown at each station support the receiver con-

taining the Kiel-temperature probe. The receiver is mechanically

27
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controlled remotely by a trensitter. This transmitter controls the

transverse and asnlar movement of the probe.

When the probe is inserted in one of the probe fittings, the re-

maining holes are plugged. These plugs are machined to be flush with

the inside walls of the mixing tube.

A butterfly valve is installed in a pipe section after the nixing

tube to regulate the discharge total pressure. A second el-tempora-

tars probe is available to be installed at the end of the nixing tube to

measure this pressure.

This test facility provides the means to determine the primary and

secondary mass flow rates. In addition, velocity end temperature pro-

files may be determined along the length of the mixing tube, thereby 1
enabling determination of an optimum nixing length.

Mass flow measurement

It has been shown that one of the smot important performance par&-

meters is the mess flow ratio, rhz/Ith . Figure 33 shows the instal-

lation of two square-edged orifices. The orifice plates for the primary

and mbient air supply have holes of 2.5 end 3.75 inch diameter respec-

tively. They are installed in slip-on, butt welded flanges which have

pressure taps meetinl AMDC specifications. The two flange tops are

seaeected to a water filled manometer board where the presents differ-

ende ,.4,is e6asured. The gage pressure Pl . and temperature t,.

meat be measured ahead of each orifice.

AJlM requirements prescribe a minimum straight pipe length ahead

of and behind an orifice for a flow rate measurement. The straight

pipe length shown in Figure 25 exceeds the minimum requirements; there-

fore, it Is not aeeessary to install flow streightners.
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Reference 3 contains all necessary equations for determination of

the flow rates.

Cost estimate

The cost estimate is based on the following assumptions:

a. No old material will be used except the burner and fuel

supply system, pressure and tempenrture pges, and %.Sao-

motor boards.

b. Neat resistant alloy is necessary in the mixing tube.

e. All machining and fabrication can be accomplished by

shop personnel.

d. Three nozzles and three mixing tubes are necessary to

check a range of configurations.

Two cost estimates anr provided:

a. Total material cost with
remote electrical control. $5555.42

b. Total material cost with
remote mechanical control: $4787.42

The total sum-hour labor estimate Is 362 hours.

The material cost could be reduced considerably if only one nozzle

mad one sixing tube were used. This is shown in the following estimate:

a. Total noterial cost with
resote electrical control: $3734.08

b. Total material cost with
remote mechanical control: $2969.08

A minimun cost estimate is provided based on the following assunp-

tionas

a. One nozzle and one nixing tube will be used.

b. The nixing tube consists of two, 24 inch mixing sections

2"
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instead of four.

e. landliug carts are not required.

d. The supply temperature ratio is reduced to Ti/Ttl. tO.

Therefore, stainless steel could be replaced by wild

steel.

s. Manual controls are used instead of electrical.

f. As much old material as possible will be used such as

plastie tubing, vall taps, copper tubing, conectors,

pressure plugs, buruer sad fuel supply system pressure

and temperature Sages, and manoeter boards.

g. Your inch pipe will be used in the mixing tube.

The total minimum material cost Is $1601.50.

An Itemised cost estimate is contained in Appendix B.

3t
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4. ecanendaticos for further study

At this stape of the investigation, the most essential require-

mat is to build the test facility described in this report. If this

is not feasible at the present time for economic or other reasons, a

further theoretical analysis wuld be useful to study the effects of

wall friction and incomplete nixing. Thes analytical studies should

also include the effects of variable specific heats.

A further recwmendation is to proceed with the preliminary design

of an experimental boundary layer control system utilizing sueb a heat-

ed jet pump.

It also would be of interest to investigate the performance of a

bested jet pump with a converging-diwerging primary nozzle.
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APPMN'iX A

Detailed Dev.i/ . .

1. Preliminary relationships

The preliminary relationships or: similar to those c' Reference

". All velocities are arbitrarily epressord in terms of the dimension-
le; velocity ratio, M* . T-: ratio ts obtained by dividing the

flow velocity, J, by the reference velocity, • , which ..a the speed

of sound at sonic velocity. The Mach number, H, is equal to M at

sonic velocity -ind in all cases aM-eM. MI* is also proportional

to a finitT ,.•L.'•.y at all abaolute temperatures.

The folioving equations are used throughout the developjmert:

4*

67
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rh = e 3A3 V3

Cp

'V

2. Performance coefficients

a. Momentum coefficient

The momentum coefficient is defiiad as the dimensionless

Somentum:

C e - • - (A-i)

Substituting Qs*1'MZ" for -/

c1-- _M;_. (A-2)
e.* A, a: I

Nov er ar'* Nv/ can be written

E~, M; F-S eI; (A-3)

where

which can be written

75't /t 5  (A-4)
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Substituting for Ts /Ts and Tn*/T into (A-4)

aa

can be vritten in terms of the equation of state

and the speed of sound at sonic velocity.

which can be vritten

*~ a O x ') P ~ts

Since ' corresponds to static pressure at M=

then,

p* . P t T

Substituting for and P,*a•" into (A-3)

e,. 's ' = rt.. M5 ÷

Similar to ps•0s*

a 4

tP 0

Dividing pr Of Ms 0 bj oa:?-

rL-( I -t rs Pt~g 't
a,* zA t I

From continuity and remembering Iv~.~

69



Substituting for VS and V4,

A--• t', ; o•(A-5)

A• ,
Since T4 Tt, therefure a(,- of*h hence

Substituting for in (A-5) and noting F?-p

Substituting into Equation (A-2) for

and As/A,• the result is

CM- ' M,*
Pto

and substituting for Mf

Con ~ Pt PtON

It it seen that CM it a function only of the required

dischaige total pressure iatio. In particula C,4 is

independent of the amount of heat supplied. By specifying

the desired output pressure ratio, RS/Pt. , the required

C 0 is detetuined.

b. Power-menttu coefficient

The ratio of the pover coefficient to the momentum coeffi-

cieat defines the power-aomentum coefficient.

C ,H LP. s V Ci' v AT
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CPA.- (A-6)

Apc cpCrtc -Tt.)

Substitutin$ for A and Vs to (A-6),then CpM becomes

22 .c,,•. - 2gJ- (t ,,
also

z •J,•. : ZJJ•€ "'t.(A-7)

Therefore

C"4 (A4B)

rearranging and subotitutlug In (A-0) for Trsi/r. from the

energy equation (A-31)

CPO (ms (A-9)

C. Ieat-somentum coefficient

The ratio of the heot coefficient to the meutum coefficient

71



defines the heat-momenttum coefficient.

cc 6 A3 V, a• c~pATs

co ' As W• a*

Cam

p

c I, (• AS). .. •/...iL..

A C t, t /.

A __ -t Tit)

Since there is an iientropLc relationship between state 0

and i4 , then At becomes

Stcp Tto
Folloying a similar subscitution for Teas in

(A-7) Ca. becomes:

... c( 0 -(A-o)

learranging and substituting for T•t1 /Tt. from the energy
equation (A-31)

P*. . Tt/ ':
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it is noted that the following equation can be written in-

volving Ce,4 and CpM from (A-9) and (A-11).

c, c• • (M*)"

__ Tt i

Consider the case where Pt, P/. Tt, /Tt., and Rsl/P. are fix-

ed. This equation shows that under these conditions CpW and C,.4

will be a minimum when the mass flow ratio, 4/VhW Y. tis a aexi-

sum. Also, it Is noted that this equation is Invariant for both

the constant pressure znd constant area cases, although the maximun

value of ; may differ in the two cases.

d. Ifficieecy

Another performance paraneter of some interest is the mech-

anical efficiency which is, of course, based on energy considera-

tion, namely,

. inal available energy (Ieentropic)-,
Initial available energy (Isentropic)

mg( NYA s) e4 AtVr Ve ITT.
,AM., cP&T.

es•AsVr v .lZJ

99y

(IL V- .. Z r4
•/""~a, a:a•a• ,T•
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Substituting for CpH from (A-$)

Substituting for "ts/Tt, from the energy equation (A-31).

+ (A-13

Since, Ft " , then
.1'L Mr* - .-L,

Substituting for t " into (A-13)

Therefore:

* ~ (A-14)

This equation shoys that 71 , like the other performance

parameters, will be optimum when % is a maximum for specified condi-

tions of pressure and temperature.

3. Development of constant pressure jet pump theory

An explicit solution to the equations of continuity, energy, and

momentum is possible when the following parameters are considered fixed:

the ratio of the demanded discharge total pressure to
Pts/At. the ambient pressure.

the ratio of the primary (jea) total pressure to
•k/q" the ambient pressure.

tt;d.tl.t the ratio of the primary (jet) total temperature to
the ambient temperature.

the dimensionless secondary vjlocity.
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The usual isentropic relationships are used to solve for conditions

in the primary (jet) system and in the secondary jet system up to the

mixing tube entrance.

The critical value of Mr for choking of the primary nozzle can be

determined from the isentropic relationships

got

I

S M I*

For sub-critical flow, M3 -c 1.0 and M 'e. MLa, the primary

flow is unchoked and 6 a Po M C, is the critical secondary velocity

ratio at which M3 becomes sonic for supply pressure ratios less 1.89.

Naltiplying •./Pu by P,,/fS from (A-15) and (A-16) results in

I

P1 A- (Al7)

Solving for Ms from (A-17)

Also m {~ i.(-S
1

At critical condition,, M . 1, M'- -Mt,,, ,and P&-,

It is possible to determine the critical M' as a function of RI

from (A-17)
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I- o

= I ,.I :

--, 11 - ter

N " O4(A-19I)

SHS"
for super-cr:tical flow, M3  1.i and pzb s,, For

supply pressure ratios , greater than 1.89, 1.0

for all conditions. This renders th. concept of M mevning11ss

mad toa i not equal to e~~specif iceally -P' At PS

2.~

-~(A-20) 1

The basic condition for constant pressure mixing is:

A~u$ (A-21)

Therefore 4k iA1Bi mincei PoaR

Substituting the isentrop.c relationships for PL~/F. and R,/FI..
a -P"mPg and raising to the I,.power.

Ioanc N4 *as be deeturined from.

7'



M4i (A-22)

Analyzing the Equatton. (A-18) and (A-22), it is seen that M* and

are fixed when ,/Rt. , and M are fixed. Tt/rt doe.

not appear in either equation.

The three basic equations that have to be satisfied for constant

pressure mixing ( jt - 14 ) are continuity, energy and omeentuts.

Continuity*

m+ m3 3(A-23)

Inargy:

kHL+ rhHjsviH. (A-24)

Haentum:

(rfh, vI + V4 - 3 s Y rhVz) j ~- fl.) A3  (A-25)

It is noted that the resultant pressure forces in (A-23) are

zero in the constant pressure case w ,en 4,- 1 and 't 2M, since 1 3" ,.

When M; - 1 and M'U Mi*,r then f6' fe . The continuity equation

(A-23) can be rearranged as follo,.:

Let %-1. 1/n

go, f~A 4

77
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I'*

sad from the lseutropic relationship:

Ai

-r-L

_7 1. 1 _ . L~ ..

A L1ALT I d

J4~ ±{5 J ~ t~ 1 4

TiPk. Ti.

0 a
P4 J*

'44

Substitutins for A/1A and 41j/4~ IntoIquaetion (A-26).

It will be shown froum the energy equation (A-31) that;

•- '"/• *1.' • • -.F''substituting for Je 4 / 7 , then Ag/As bvccomes;

A4s

A,7,8

(A,7

Rita'I-TL),+ I- LM~$



This is the dimensionless form of the cor.tLr.t '•-! eui.:iFn.

Similarly replacing M by s and nct.-. thait ", e-T.4 a,.•."-R,

then;

I

-,A t/-i ,I-. -A-(A-28)

Similarly for At./Aj replacing M* by M'-- I

I

From the mame flov ratio 1- , it is possible to determine AdA 3 .

FY1L AA4

and:

'A3',- (A-30)

Conesder the energy equation, (A-24).

, pl,, + ,n3 ct7, = ,N 4 cp,7

+ T4

t. + )- +. L

2he aon-+.mensioonl form of energy equation is

79
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Nov coo.lder the momentum equation (A-25). Substituting for the

velocities and rearranging

,&,,•M', +..M! + (A3 ,A.)4M4

Dividing both sides by CL O .

v(4 n,.119aA I9A .(J413 Ai M4 (-2

Let D - P. )A,

D can be expressed as follows

°- JOS-) A ' fal af ,-•-" :

ro• ~I f; T-. -- S I4" M",,•#

Therefore.

=-- f ( - 97/

4-7

For rid ,' M~~ ~ therforeDso



SD"�D I -

Let

SoSubstituting into Iquation (A-32), the dintnsionlrss momentum equation

Is

at 1d 4/7'• Dy elimin.-ating 7jqtTts between the two equations, tee

followin8 quadrat~ic is obt~ained.

S+(8 
1IV

B f

obt,1 anepi ctsltofrmtecniuteegadaet



This equation can be solved by using the quadratic formula
-bi Tb =4 L 7

21L

M. *8.
aM 4 -M

0 V1

Owee isL determined, then *1m /1. can be determined from the energy
equation and "I/A can be determined from the continuity equation. in

addition, it is now possible to determine the area ratio* As,/As. At/As.
andWA

cally, It is a process to non-dimensionalise the equations of continu-

ity,, energy and mceentuam. Thoseeqainar itol4"tbflow

In$ fome

Continuity:

Inegy IL I * (A-34)

Himetu Hit5 # rha HS - ) H4 (A-35)

th4 rh taifls V4 fA 3- A (A-36)



II

First, coesider the concinuity sqq, -.t (V.-4). Expmding this
equation gives the relationship:

Aj l* * eA MO~ n 0 .NA,$M* d
It must be understood that A2+A*A,* for the comtane ars. case.

The general relationship for the ratio of se flow rate to the

area is:

r/A eVM (--37)
goin8 the isentropic relationship for the denaoty ratio and ezpanding

ete yields:

rn/Au - I

Let

The final form of Rquation (A-37), is:
rh/A - K, PtCTt)7( (- L - me

It is convenient to define a velocity function #(M') :
b('M") = 3 M" - r ) M"

I tSolving for the maue flow rate gives:

,r - K',A Pt.(-t)' O('M*) (A-38)

Slov substituting Xquation (A-38) into Equation (A-34).

K, Aa Pt, (TtjY'*q (MP4;) +K, Ai r4q TsT09* K A444 (V4X(!4
It can be seen from Figure 2 that the total state conditions at stations

* 1 mad 3, and stations 0 end 2 are equal. The preceding equation is

foo-dimensionalised by dividing through by K, A3 P, (Tt.) • This

results in the final non-dimensional forn of the contimnity equation.
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The enorSy equation (A-35) for the constant area jet pump can be

e$ended to yield the relationship:

. .A V,&%TL '+ e, AVjc j - e4 A4 V4 -PT" 4  (A-40)

In meaeral, the term n kr can be expanded Into the fort:

e VT - e e.M*Tt .-Tt N o."(M')

!herefor•j

eVe's KPt(T.()tV (M*).
hlbstituiating this relationship into Rquation (A-40) and non-dimension-

altaint in the am$ anner as before results In the final form of the

energy equation

Pt' r-(-) 40 • (M•' (L +) R4 ¢i tM 4*) (A-,41)

The se•i•fie heat at constant presure ( cp ) assumed to be constant.

Pinally €eonsidering the amentum equation (assuming teady, fric-

tin•los flov #d the velocities an ntiform at stations 2, 3, md 4):-

414A v jt -v V1  pt At + 3 A3-4A4 (A-36)
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j ra•ttain8 and suabstititiS for rn and A4 ISivs:

A.(,pa* a+~ ) AI(p+ a- ' .(A,4 Ab)(~e4 V4

I" Consider ( p e Va) t general. This factot can be expanded to

yield,

-• (I- ,-

themeforem

it is helpful to define tjJC~1) a.;.z

5ublltit~tin KqisttOU (A-42) into Uquation (A-)6) mui ooo•.diei1Ui•nal

sing yiold. the mamentim oqustiOU 
!

Yre the cCollutF2i equation, the mas la ram•tito LI de~terined

" ~to b1e;

( a

" 
i+



And from the energy equation, the mixing tube discharge teoparature

ratio ils

_-Tto le + 7-i/-t (A-43)
Tto+

Dividing Equation (A-41) by Equation (A-43) results in a quadratic re-

latonship, in terms of M&

j4
where,

It can be shown that the right side of Equation (A-46) must be

equal to or less than one-half. Let,

M41 (A-47)4

Takin$ thi derivative of this function with respect to 4
sf(m,') * I -H4,

dAW (i+M4
M *)d • i + M4''

Setting the derivative equal to zero end solving for M4I yields,

Choosing the positive root and substituting into Equntion (A-47) gives

the mauximm value of the function (M4).

f(M:)mat 14
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Therefore;

This condition is a limit :or the constant area case.

Solutions for optimum constant area jet pumps are contained in

Appendix C. An Iterative procedure vas used to satisfy the boundary

e¢odition that R4 /Pto suet equal Pts / Pt. . This W accomplish-

ed by varyinS the area ratio AL /A 3 until R4/ Pt. Mu equal to

the specified value of s/Pt. . It Is emphasised that auh line of

the computer results represents the optimum pump of a faemly of constant

area jet pums.

I,!i
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Itemized cost estim'ate

the following pages show the itemized cost estimate for various

toot facility configurations. The numbers for each Item up to item 22

corresponds to the numbers shown on Figures 26 through 34. The labor

estimate was made by Mr. Robert Beose, Laboratory Supervisor for the

Aeronautical Engineering Department.

Material estimates were solicited from numerous companies. -rho

code used for denoting the company is as follows:

Code Company

S1.cPaster-Carr Supply Co.

W Dcommusn Metals and Supply Co.

Ra Reliance Steel Co.

aE Nortom Instrument Co.

PA Pacific Metals Co.

Ry Ryerson Steel

Oc General Controls Corp.

USC United Sensor and Control Corp.

The total cost estimates 3re included in the following itemized

cos estima-tes.
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Labor Istimate

man lours

1. Drill and tap flanges for primary system 7

2. Install mass flow orifice plate# and flas go ?

3. Fabrication of nozzles 90

4. Fabrication of mixing tube sections 108

5. Fabrication of bell-mouth annulus 40

6. Fabrication of secondary air plenum 32

7. Drill sad top flanges for secondary system 2

8. Install butterfly valve 4

9. Fabriate amling tube stanchions 6

10. Iabricate handling cart 16

. &Assamble complete system end hook-up instrumentation 42

Total estimated man hours 362

100

t .... .. ...I



4APfnDIZ C

Computer Results

This apeadiz cont--m.# Computer solutions for a set of co.tium

constant are, =4 constant pressure heated Jet pumps for the condi-

tions specified. Iach line of data represents the parmeters defining

one optimam pump. The momentum coefficient is constant for each pass

of data.

Also included is a 1ample computer program end solutions for aem

jet pump with a fixed area ratio, A21A3 - 2.16, and fixed supply

coeditions. Each line represents the theoretical performance for the

conditions specified.

The symbols used In the computer prorams are as follows:

1TS0 a the ratio of the demanded discharge total pressure

to the mbient pressure.

hPuf a pressure ratio, station (n) to (a).

Tnt - temperature ratio, station (a) to (a).

-uAu a area ratio, station (a) to (2).

SAM - veloetty ratio (N*) at station (a).

T?5TO - ratio of the discharge total temperature to the
mbieut teuperature.

3M - mass flow ratio, secondory to priaary.I * •' , ratio of specific heats * 1.4.

I - trho, density.

101I



3 - -• m •

I+ r+•

JI 

.1
.-. .

it. I ! .
.-m~+. T

-+ 
w 

" ,. - €( N

--
-, 3377

I . . ........................ 
e s t A v a ila b le C o p yi____



iY

MREEEEII )~i

Best AvalflN&ike Copy



• • • - ' •" r r .... " - - -- • T ' -, -,- -. - -.• - 'tr w. -•r, -- --..... -•'-"--..•• •,

i ~~r iI ,"121 AZZ 0: --"J.JJ "J .. "J3JS

ehJ j

- ~ ~ ~ ~ J 5.5. 0~E Jj '~J

|~ ~ ~M 111,,i)! 11) I(~ 2 "Is)! )(I Hil Pill 111 S1

SI ffil 11 ll 11111 fil

Best Available Copy



- -- - - - - - - - - - - - - - - - - - -

%3

--• • • • . ...I 20412:
-* . .-

Sri;:

'iii 'ii -..

2 -t

.:4;j

f I III fil if,,
---..-- I .I .* I.

fr all
!111 fill ISE,

. . .. .. . .. .s

Bc,.st AvaK s Copy



fl

I .. !P.!! !I .•
96!Jj fill"",.•

111111

1PH•E! fil• f ill

f, 'lffill fill11 11

at1! W

moet

fIJ 11
sass ast*!IliW 11M4 1

Ave



-.t z; i ZiiiMS
F I T 11

6. U Z

ft
-~p~cst



T I.,

1 2

' a 'd 0 f :

,.-. Av a ,' 1c



a|

i .,

-
-

oo- -, 
V

. .1I
Best "°t)4 C

- V., V ( EI 4 #

* 4, *
I. R *



-PAN.,, , 4; ,, ON'",. - • , . . .. .

~~~N P~t -.. .. . . . . .. .. S2. Afg- .. .
*a N

.. D.... . • 1 .
. *.g. . . . .. 6 . . * . * . .. . . . .A44 *, . . . .

- -a -n. -s -4 - - - - - -~ -l -~ - 4 - #e..n ftt---

. .aa A . .. .n .lS . ts . . 1t 0 r 44 '*

......... ....... ..

P3:. P: . . . .. . . . .. .. in . .4 . .5e. . a.. ..

-- ----- --. --

0 "04,Aft.:4 vom0. 4-

I

. .4 . 4 . . . I* . .. 41;

. .* ... ....... J ..

-A. -0

A 4l ± A4t4 -10 4 Et 0 N...c .* 3 .w .....- .. ....... W -~f.f*.,* a 4

4 --*----*f*" ------ Nftm ----- --

*litll lfl f lel**a alt 1111 r.S.%..fl 40 mn , l l

* ,neocr , e*ea ni oio*S~nAa.* .,*SN*.oE1 s. oan lma

U 2 -.. a~... . -e.a. tJ.!etla t..r~ ... ga..a..nmt

-~Ill itt li Ilt

* 5.5.



2*4*#9 v 4nA!.44 1-41-01~~£ ~ 9

OS 0 fl 4 AN& f0 -.. in4 - so

s * 0 ,*, ,

n4"-.flflfleoet 4S,* ,a. a e ase~e J a a..•

..... .. . .... .. ...... .. . . . .. ... .
. . . . ". . ....... . .. . . .. ... .. . .. ...

1 03 0*9 1 840N A190

I-•-R. ...• .• 1 . ........ .. ..

-- -- - -- -- - -- -- -- ------t-- .--- - -

...... ........ o .......

-an..--- --- ------- -aat. fd. ------

.2222 . . .. .. ..

- --- - .- -- - -,n

.4....... ......04

D c-,t Av aIla ble,, C op y



S 414-~t 40

---- l ----- --- -O~ ~ ---- o- to t

.... t* ** .. .. . .. * *

- ~ ~ ~ ~ 2 . 1"IUJ....A

--- --- --- --- --- --- ----44- -- 4

A..... Availb.e* Co.....



11 L
Y P

........ .. ... A.
2 F 4

Eitilv, cr'



ii

I

a

I I
* ,,÷Aa~beCp

£ 4 U

-1



t . . . I.

... *.....,. q.. . ........... ***

. . . P. ... .. S : Z i

-Ma

tI -

. . . . . . ...................... 52 . * * l * . ...SS

X9.s*e .. ....... flen.. . " CC' 55 **f .. e• ,e~

S ........ " ...... " . ... ... . ...

S.....C.... .. . U4,... *. .,. .. .... **..._.

S... . • 'i"•'' "';' •'' ''7..•........ I•. . .

""1 *7I ,"oUU.S wC 6C ~ C C

.3 . .. S.3.... ..o .t.A:. : 3 .. a. C . p y

* , ,, ,Z,, CfTV¶, 'I



. .,, .-- .-• ••--• .. . ... ... . . ... ...... ... . . . . . . . ..-,, •%: •

iS

rS

iiI 1 ' l ! i '
I a

*H A

ss"I ~ ~ lot* of00.0 1 U4 NtS 9 EICH 1. Cfrf 121

S ............. . . ......

.1 1 ,9? 9999 3.9k?.9 ?

* * 9* * , ,9**** , 0 .* 0. . , , 00a 9. 0 o.. . ... .. ... . .. .a . . . .

qrq

.... ... ... ... .... ... ... ... lot• .............. ,4.Is-.

-r

Wif s'i~ I 21i :1 FZ A~r rIECEO: PROig-*3-H f o soit 11f A00 iii i

a. pc. te A*,,b



Iclassified

t. e,•,W4,AT ACTIVITY (Cogamie Sw.., A& I SW)T "CUa,-- ,.L,,,,F°CA•'"

US. Naval Postgraduate School Unclassified
Monterey. California 93940 •..

Theoretical Analysis of the Heated Jet Pump and Design of a Test acility

S AOUlP IV NOT (Tnpe ad ,,Ou d I mmE b lv. i.N/A

I. AIUTHO@A() (L"I naoe. *mi nome. bitiJa,

RIDER, Wendell C., Lieutenant, U. S. Navy
SUM=RS, Carl It., Lieutenant, U. S. Navy

S.SNP.1OAET. TOTAL 040. OF PAOEI a" e.@ S
May 1966 1''" 113 eight

S41. lOTAlCT 0CA *%ANT we. 0- OMOINAtO"we 0PO@T N"U~l•S)

Sb6 Zr=PCR? wC63) (AsW .inwomb @WO he aselui
It __ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _

IS, A VAILAILITV/I",TATICN NOTICES
Qualified requesters may obtain copies of this report from DDC.

11 S UPOLCSKUTARY "TOT IS. IPOWSMaftN MLIIAY ACTIMrV

I U. 3. Naval Postgraduate School
Nose j Monterey, California 93%0

3ADSTRACY
The jet pump is a device that compresses low-pressure fluid by means of

a high energy jet. This device is simple, reliable sad light might, and is
attractive for various uses Including eventual application to boundary layer
eontrol for aircraft.

Ia this study the theoretical flow of a perfect gas through constant
pressure and constant area jet pumps is predicted by analyzing the equations
of continuity, energy and momentum. Of particular interest is the effect of
beating the high energy jet. The parmeters describing optiam heated jet

umpse are deteruined. The ideal pumps presented herein represent upper per-
bummee limts for actual devices.

Also Included is a complete description and design of a facility for
testing heated jet pu.ps. Specific test configur&tions are analysed, and
performance curves are illustrated. These curves facilitate comparison be-
twem theory and ezperiamat.
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